In this work, we report Ni doped ZnO/poly(vinylidene fluoride-hexafluoropropylene) [PVDF-HFP] nanocomposites prepared by sandwiching and their structural, morphological, thermal, electrical and piezoelectric properties. The X-ray diffraction analysis and Fourier transform infrared spectral (FTIR) studies of the nanocomposite films confirm the enhanced b-phase crystallization in the PVDF-HFP matrix due to the Ni-doped ZnO nanoparticles. Microscopic images of the prepared samples substantiate homogeneous dispersion of Ni-doped ZnO nanoparticles in the polymer matrix resulting in higher b-phase nucleation. In addition, the nanocomposite shows a high dielectric constant and low dielectric loss, making it suitable for energy storage. The piezoelectric property increases with the filler concentration and a maximum generated output voltage of 1.2 V is achieved at 0.5 wt% Ni-doped ZnO.
Introduction
Over the past few years, great efforts have been dedicated to develop high performance energy harvesters for various applications, such as self powered sensors, smart skins and wearable/portable electronics. [1] [2] [3] Piezoelectric materials have attracted much interest in the eld of smart and biocompatible devices, since they convert mechanical energy into electricity by using nanoscale structures. 4, 5 The most commonly employed piezoelectric materials are lead zirconate-titanate, barium titanate, lithium niobate, and zinc oxide because of its advantages such as high piezoelectric and dielectric properties; however these ceramics are brittle. 6 In order to overcome these problems, new exible materials are identied with high dielectric constant and good piezoelectric properties. Some of them are poly(vinylidene uoride) [PVDF] and its copolymers such as poly(vinylidene uoride-hexauoro propylene) [PVDF-HFP] and poly(vinylidene uoride)-triuoroethylene [PVDF-TrFE]. These polymers are used to fabricate many electronic devices and nd considerable applications in several elds such as sensors, capacitors, electromagnetic shield materials, actuators, charge storage capacitor systems etc., due to their exibility, light weight and ease of processing.
7-10 Manipulation of polymerinorganic nanocomposites with good properties can also be applied in wearable or implantable energy harvesting devices. 11, 12 A widely used inorganic nano sized ller is the semiconductor ZnO, which is applied in manufacturing piezoelectric energy harvesting device. 13 To improve the piezoelectric performance of ZnO, it can be modied with some metal ions; out of which ferromagnetic materials are mostly preferred due to their wide range of applications in sensors, electronics, magnetic recording and biomedical elds. 14 The effect of magnetic materials in enhancing the piezoelectric properties was extensively investigated and reported. Karan et al. 15 reported the Fe-doped reduced graphene oxide (RGO) nanoller as the main reason for the enhancement of piezoelectric and ferroelectric properties of neat PVDF. Ouyang et al. 16 reported ve times enhancement in the magnitude of piezoelectric responses with applied electrical eld at 35 mV m À1 for the piezoelectric properties of PVDF/iron oxide composites. With 2 wt% of the ller, the mechanical strength, storage modulus and thermal stability of the polymer nanocomposite were noticeably higher than the neat polymer.
The main aim of the present work is to prepare Ni-doped ZnO nanoparticles lled PVDF-HFP nanocomposites through a sandwich technique. The stacked layers of the nanocomposites showed better properties in addition to maintaining the light weight and stiffness nature. To the best of our knowledge no reports are found on the investigation of piezoelectric property of Ni-doped ZnO lled polymer nanocomposites. The piezoelectricity of a polymer nanocomposite typically depends on the b-phase fraction, ller dispersion, ller alignment, alignment of polymer dipole moment, interactions existing between the polymer chains as well as at the polymerller interfaces and lattice strain created by the llers. [17] [18] [19] All these parameters are discussed in this work. The exible Nidoped ZnO/PVDF-HFP nanocomposites were analysed for the dielectric and thermal properties as well. It is found that the addition of Ni-doped ZnO enhances the piezoelectric behaviour of the samples. The present work also explains the mechanism of piezoelectric responses of Ni-doped ZnO/PVDF-HFP nanocomposites in detail and compares the piezoelectricity with its crystalline structure. 
Experimental methods

Materials
Synthesis of ZnO and Ni-doped ZnO nanoparticles
Ni-doped ZnO and pure ZnO were prepared by hydrothermal method. In a typical preparation, required amounts of nickel acetate and zinc acetate dehydrate with different mole ratios (Zn : Ni ¼ 2 : 0, 1.94 : 0.06, 1.90 : 0.10) were dissolved in 50 ml distilled water by magnetic stirring to form a transparent solution. Then 0.5 g PEG surfactant was added to this solution followed by 3 ml MEA. The resulting solution was transferred to a Teon capped autoclave and kept at 140 C for 15 min. Aer completing the reaction, the autoclave was cooled down to room temperature. The obtained precipitate was washed with distilled water and ethanol several times. The precipitate was dried at 80 C in a hot air oven for 12 h, and then the asprepared sample was annealed in tube furnace at 400 C for 2 h to obtain the Ni-doped ZnO nanopowder. The same process was also repeated without the nickel acetate to synthesize the pure ZnO.
Synthesis of PVDF-HFP/Ni-ZnO nanocomposite lms
The PVDF-HFP nanocomposites containing undoped ZnO and Ni-doped ZnO were synthesized as sandwich structures. About 2 g of PVDF-HFP was dissolved in a 1 : 1 mixture of DMF and acetone (15 ml solvent) by magnetic stirring for 3 h at 70 C. The undoped ZnO in 1 wt% and Ni-doped ZnO in specic weight fractions (0.5, 1 and 2 wt%) were dispersed in the same solvent mixture (5 ml) by bath sonication for 2 h and thereaer mixed with the PVDF-HFP dispersions. The whole mixture was magnetically stirred overnight to ensure maximum rate of dispersion. Aerwards, the well dispersed solution was casted on a clean glass plate into thin PVDF-HFP/ZnO and PVDF-HFP/Ni-ZnO nanocomposite lms.
The obtained lms were kept in a hot-air oven at 80 C for a few hours to completely remove any residual solvent. The prepared rectangular shaped lms were denoted as A1 (PVDF-HFP), A2 (PVDF-HFP/1 wt% ZnO), A3 (PVDF-HFP/0.5 wt% Ni-ZnO), A4 (PVDF-HFP/1 wt% Ni-ZnO), A5 (PVDF-HFP/2 wt% Ni-ZnO) and stacked together in different ways such as A1A1A1, A2A1A2, A3A1A3, A4A1A4 and A5A1A5. The stacked triple layer lms were then kept on a hot press and compressed at 170 C under a pressure of 10 MPa for 3 min to obtain sandwiched homogeneous composite lms. Schematic representation of the preparation of nanocomposite lms and interaction of Ni-ZnO nanoparticles with PVDF-HFP is shown in Fig. 1 .
Characterization methods
Surface morphology analysis was carried out using scanning electron microscope (Nova Nano SEM 450) and the morphology of the nanollers was investigated using transmission electron microscope (TEM) (Phillips CM12). All samples were gold coated and the images were taken at an acceleration voltage of 3 kV and 5 kV. The structural properties of PVDF-HFP nanocomposite lms were analyzed using X-ray diffractometer (Empyrean, Panalytical, UK) within the 2q range 10 to 70 .
Fourier transform infrared spectrophotometer (FTIR, PerkinElmer Spectrum 400) in transmission mode was used to study the phase variation of polymer nanocomposites. Analysis was done during the 2000-400 cm À1 range with a resolution of 2 cm À1 . Thermal analysis of samples was done using thermogravimetric analysis (TGA) perkin Elmer Pyris 6 TGA, from 30 C to 600 C at a heating rate of 10 C min À1 . Differential scanning calorimeter (DSC 8500 PerkinElmer) was used to measure the melting and the crystallization behaviour at a temperature range of 20 to 200 C at 10 C min
À1
. Dielectric properties of the samples (circular disks of 2 cm diameter) as function of frequency (10 À1 -10 7 Hz) were obtained using broadband dielectric spectroscope GMbH concept 40 (Novo control Technologies, Germany) under room temperature. The piezoelectric studies were done by a specic assembled set up consisting of a frequency generator, amplier, vibrating shaker, resistance box and data acquisition system. Specic force (2.5 N) was applied on the sample in a longitudinal direction and the corresponding electricity generation was monitored by a computer. The whole piezoelectric setup is shown as a schematic diagram in Fig. 2 . 
where l is the wavelength of incident X-ray, b is the full width half maximum (FWHM) of the peak in radians and q is the Bragg's diffraction angle. The calculated crystallite sizes are 23 and 17 nm respectively for undoped and Ni-doped ZnO samples. The decreased crystallite size for Ni-doped ZnO is attributed to the distortion of ZnO lattice by the Ni ion that deteriorates the ZnO crystal growth. 21 From the XRD results, the observation of peaks broadening may be due to the size and microstrain of nanoparticles. 22 The microstrain is directly proportional to the number of defects and it is estimated using the following relation.
where b is the FWHM (full width at half maximum) of the peak in radians and q is the Bragg's diffraction angle. The calculated strain values are 1.51 Â 10 À3 and 2.03 Â 10 À3 respectively for the undoped and Ni-doped ZnO nanoparticles with higher value for the Ni-doped ZnO.
The lattice parameters of the hexagonal structure were evaluated based on the data for (100) and (002) planes, respectively, using the following relation.
For the (100) orientation, the lattice constant a was calculated by eqn (4)
And for the (002) orientation the lattice constant c was calculated by eqn (5)
The lattice constant a and c were determined as a ¼ 3.231 A, c ¼ 5.164 A for undoped ZnO and a ¼ 3.244 A, c ¼ 5.211 A for Nidoped ZnO samples.
According to Zhang et al. 25 the lattice strain induced by different dopants enhanced the piezoelectric performance of ZnO. Hsu et al. 26 also observed large XRD shis in doped ZnO and slight enhancement in piezoelectric output compared to undoped ZnO nanowires. In the present study, the XRD peaks were shied to lower angle side and also the lattice parameters and strain values were increased for Ni-doped ZnO. These results lead to the enhancement in the piezoelectric performance of PVDF-HFP polymer as will be seen later on.
Morphology and structure of composites
The phase and crystal structure of the PVDF-HFP nanocomposite sandwiched lms were characterized by XRD and FTIR spectra. XRD pattern is used to identify the crystalline phases of the PVDF-HFP matrix. The XRD patterns of pure PVDF-HFP (A1A1A1) and PVDF-HFP nanocomposites (A2A1A2, A3A1A3, A4A1A4, A5A1A5) with different concentrations are shown in Fig. 4(a and b) . In the PVDF-HFP nanocomposite sandwiches, the a-characteristic diffraction peak at 19.8 (110) is diminished, whereas the peak from the electroactive b-phase at 20.6 (200/110) is appeared. [27] [28] [29] [30] The observed peak shi towards higher 2q at 20.6 in nanocomposites in comparison to 19.8 (110) peak position of a-phase in pure PVDF-HFP indicates the formation of electroactive b-phase in presence of nanollers. Fig. 4b shows the corresponding b-peaks variation in PVDF-HFP nanocomposites under different concentrations. Fig. 4b indicates that the addition of Ni-doped ZnO to the PVDF-HFP matrix enhances the b-phase crystallinity. The peak observed in the range of corresponds to the Ni-doped ZnO llers.
FTIR spectra of pure and Ni-doped ZnO lled PVDF-HFP nanocomposite lms are shown in Fig. 4c The b-phase content was calculated from the FTIR spectra by using the following relation.
where K a and K b are the absorption coefficients at the particular wavenumbers and its values are 6. at 762 cm À1 and 841 cm À1 respectively. 34 The relative b-phase contents for the samples are summarized in Table 1 . The NiZnO added to PVDF-HFP (A3A1A3, A4A1A4, A5A1A5) enhances the b-phase content compared to pure PVDF-HFP (A1A1A1). The enhancement is more obvious in 0.5 wt% (A3A1A3) and 1 wt% Ni-ZnO (A4A1A4) lled samples.
The surface morphology of the pure PVDF-HFP and PVDF-HFP/Ni-ZnO nanocomposite lms observed by SEM is shown in Fig. 5(a-e) .
It can be seen from Fig. 5(b) , that the pure ZnO nanostructures are dispersed within the PVDF-HFP. Also, the Nidoped ZnO nanoparticles are uniformly distributed throughout the polymer. No signicant agglomerations were observed in the nanocomposite (A3A1A3) with a lower Ni-ZnO loading at 0.5 wt% as shown in Fig. 5c . However, at higher NiZnO content (1 wt% and 2 wt%), the nanocomposites exhibit some Ni-ZnO agglomerates ( Fig. 5d and e) . With the increase of Ni-ZnO content, the average inter particle distance decreases due to the formation of such agglomerates. As observed from Fig. 5(b-e) , the Ni-ZnO particles are almost spherical in shape.
Thermal properties
Studies on the thermal properties of the sandwiched lms also showed interesting results as provided in the ESI. † Fig. S1 † shows the melting and crystallization curves for the PVDF-HFP nanocomposite lms. The melting curves (Fig. S1a †) show more dened peaks for the Ni-ZnO lled samples and the same is observed for the crystallization peaks at Fig. S1b . † This enhancement indicates the strong nucleation effect of the NiZnO particles which was also reported for the other additives such as graphene nanoparticles.
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As shown in Fig. S1b , † when the amount of Ni-doped ZnO increases, a small peak appears and strengthens at 108 C. The obtained DSC double peaks have been explained in three ways (a) melting/re-crystallization/re-melting during DSC heating, (b) polymorphism, (c) variation in morphology (lamellar thickness, crystal perfection, etc.). 36 In our case, the observed double peaks mainly attributed to the different crystalline phase present in the PVDF-HFP polymer. 37 Similar results have been observed by many researchers. [38] [39] [40] [41] The DSC results suggest that the Ni-ZnO containing nanocomposites have enhanced b-phase, which is in good agreement with the XRD and FTIR results.
The crystallinity index (CI) was calculated using the following equation.
where DH f is the difference between the measured heat of fusion and the measured heat of crystallization. The value of DH Table 1 . With the addition of ller concentration upto 1 wt% Ni-ZnO (A4A1A4), the degree of crystallinity increases, however, at higher concentration of 2 wt% Ni-ZnO (A5A1A5), the degree of crystallinity decreases. This is due to the agglomeration of nanollers in the PVDF-HFP matrix. It is evident from the SEM results that the increase in ller concentration exhibits some agglomerates. The thermogravimetric analysis (TGA) was carried out to study the effect of Ni-ZnO nanoparticles on the thermal stability of PVDF-HFP matrix and the results are provided in Fig. S2 . † From the thermogravimetric results (inset of Fig. S2a †) , it can be observed that the degradation temperature of A1A1A1 was 455 C and it was higher for the nanocomposites. By the addition of 1 wt% ZnO (A2A1A2) and 0.5 and 1 wt% of Ni-doped ZnO (A3A1A3) into the PVDF-HFP matrix, the degradation temperature values increased slightly to 462 C, 468 C and 474 C respectively. When the ller concentration increased further (2 wt%), the degradation temperature decreased to 460 C (A5A1A5). From these results, it is seen that the addition of NiZnO nanoparticles enhanced thermal stability by $19 C compared to that of neat PVDF-HFP. This reveals that the addition of nanoparticles in PVDF-HFP matrix causes good thermal stability and therefore the starting temperature of degradation obviously shis to higher temperature. Similar effect for iron oxide doping on the PVDF matrix has been observed by Ouyang et al. 16 They have also stated that the shiing of degradation temperature may be attributed to the homogeneous distribution and inorganic nature of iron oxide and thus enhances the thermal stability of PVDF-HFP matrix. Fig. 6 shows the frequency dependence of the dielectric constant (3 0 ), dielectric loss (3 00 ), conductivity (s) and tan d values of the neat PVDF-HFP (A1A1A1) and PVDF-HFP nanocomposite sandwiches. The values of both 3 0 and 3 00 increase at low frequency region. This is due to the space charge effects. In these plots, both 3 0 and 3 00 increase with the addition of nanollers, which means that the ller induces more space charge (or) interfacial polarization among llers, polymers and their interfaces. In other words, there is a tendency of dipoles in the PVDF-HFP and PVDF-HFP/Ni-ZnO to orient themselves in the direction of the applied eld in the faster manner. In the high frequency region, the values of dielectric constant (3 0 ) and dielectric loss (3 00 ) were decreased. This is attributed to the lower contributions of dipolar effects. [43] [44] [45] On the other hand, the dipoles could not orient themselves in the direction of the applied eld. The increase in dielectric constant (3 0 ) with the increase in ller concentration promotes more dipole polarization in the nanocomposites. This high dipole polarization is responsible for the enhancement of the piezoelectric properties. 46, 47 The applied electric eld causes the alignment of dipoles in the material. The dielectric constant of the polymer nanocomposite is 87 for the A5A1A5 sample, which is the highest dielectric constant among all other samples. By using the impedance data, the dielectric constants 3 0 and dielectric loss 3 00 can be expressed as.
Dielectric properties
48,49
where u is the angular frequency, c 0 represents the vacuum capacitance, Z 0 and Z 00 is the real and imaginary impedance and 3 0 and 3 00 are the real and imaginary permittivity. The conductivity values (Fig. 6c) for all the samples were slightly increased due to the presence of Ni-ZnO nanoparticles. Fig. 6d is the plot of tan d versus frequency for the prepared samples. The loss tangents slightly increase for the ller added systems. The increase in dielectric constant and loss tangent with increasing Ni-doped ZnO ller loading could be interpreted by interface charge polarization between Ni-ZnO nanoller and polymer matrix and intrinsic electric dipole polarization inside the composites in applied alternating eld. 50, 51 This is related to the Maxwell-Wagner-Sillar effect. When the current ows across the interface of two materials with different electrical conductivity, charges accumulate at the interface of the dielectric materials. This interfacial polarization increases with the concentration of nanollers and it results in higher dielectric constant at higher concentration of Ni-doped ZnO nanoparticles. 52 Fig. 7 shows the piezoelectric responses of the tri-layered PVDF-HFP and its nanocomposites. The samples were coated with silver paste prior to the piezoelectric experiments. Many studies observed the piezoelectric properties of PVDF-HFP and its nanocomposites, 53,54 but less attention was paid to the piezoelectric effect enhanced by lattice strain of the nanollers.
Piezoelectric property
55 So far, the piezoelectric property of the composites was attributed to the b-phase fraction, ller dispersion and alignment of dipole moment. 56 Zhang et al. 25 prepared pure and halogen ions doped ZnO and found the enhancement of piezoelectric properties as mainly attributed to the lattice strain present in such nanomaterials. In this work, the presence of lattice strain in the nanollers was conrmed by the XRD studies. Chen-liang Hsu et al. 26 also suggested the correlation between piezoelectric property of ZnO with the X-ray peak shi and lattice strain.
The output voltage with respect to time for the PVDF-HFP based sandwiched lms in Fig. 7a exhibits piezoelectric response at all doping concentrations of Ni-ZnO. A close look into the gure shows an increased output voltage for the composite containing 0.5 wt% Ni-doped ZnO (A3A1A3). However at higher loadings of the ller, the output voltage was decreased (Fig. 7a) . This can be due to the uniform ller dispersion in the PVDF-HFP matrix at lower loadings (see the SEM micrographs). The piezoelectric coefficient d 33 is an important parameter that can dene the piezoelectric activity of a material and it is dened as the charge produced for an applied stress or the strain at an applied voltage.
12 The piezoelectric coefficient d 33 values are shown in Table 1 . The piezoelectric property and magnetoelectric property are related to each other. In our case, Ni ions in ZnO lead to an enhancement in piezoelectric properties and are ferromagnetic in nature. Ummer et al. 57 conrmed that the higher piezoelectricity of the nanocomposites is expected to contribute towards the enhancement in the electric and magnetic properties of the composites. Fig. 7b shows the piezoelectric output current (nA) exhibited by all composite lms. The neat PVDF-HFP (A1A1A1) has the smallest value of current 3.5-4.2 nA and the ZnO containing sample, A2A1A2 also gives nearby values of 4.8-5.2 nA. However, A3A1A3 sample containing 0.5 wt% of the Ni-ZnO shows the highest output current of 19-21 nA. This is in accordance with the voltage results (Fig. 7c) and with increase in wt% of the nanollers (A4A1A4 and A5A1A5), the output current shows a decrease due to the changes in volume resistivity and lattice strain effects. 58 A possible piezoelectric mechanism is also shown in Fig. 7d , which illustrates that without any force there is no impact on piezoelectric output voltage.
Addition of nanollers to PVDF-HFP inuences the structural and functional properties of the nal nanocomposites by initiating nucleation, interfacial interaction and super cooling effect. This also varies with respect to the nature and size of particles, concentration, dispersion and composite processing conditions. 59 Here the Ni-ZnO particles induce the b-phase formation through ion-dipole interactions and enhance the bphase nucleation, permittivity and thus piezoelectric property. The large surface area of the llers and the typical spherical appearance increase the b-phase and degree of crystallinity of PVDF-HFP. Thus the ferroelectric b-phase nucleates in the composites through ion-dipole and dipole-dipole interactions. In PVDF composite case, the crystalline morphology changes with ller addition and number of spherulites increases as reported. 60 This contributes to nucleation and crystallization. However higher ller concentrations creates charge accumulation and deteriorates the piezoelectric performance.
Moreover, the charged polar surfaces of Ni-ZnO particles interact with PVDF dipoles and induce surface charge polarization in composites. This enhances the b-phase and thus the piezoelectric response. When mechanical force is applied, a potential is created in the nanoparticles and helps the PVDF dipoles to align through stress induced polarization. This selfpolarization is responsible for the higher piezoelectric voltage generation in the PVDF-HFP nanocomposite containing NiZnO. 61 
Conclusions
In summary, we have successfully synthesized the pure ZnO and Ni-doped ZnO nanoparticles by hydrothermal method. Neat PVDF-HFP and its composites containing different concentrations 0.5 wt%, 1 wt% and 2 wt% Ni-ZnO nanoparticles were prepared by solution casting followed by sandwiching technique. The structural property of the synthesized Ni-doped ZnO nanoparticles was investigated and lattice strain was calculated. High lattice strain can be achieved by the variation of dopant concentrations. The dielectric studies indicated the improvement of the electrical properties with the addition of the ller concentrations. The investigation on the piezoelectric properties revealed excellent piezoelectric performance for the 0.5 wt% Ni-doped ZnO containing nanocomposite with a d 33 constant of 20 pC N À1 . This enhancement in the piezoelectric properties reects the ability of these composite lms in constructing piezoelectric nanodevices with higher efficiency.
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